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At)str & ct
This paperdes cribes alliterativ e m ethod fo r e7(tra Ctingsingle-s c attering c o ntributio nsinthe retrie v al of
aer os ole x血 ctio nprofilesfro mlidar slgn als. T he iter ativ epr o c edtLleis fo r m ulatedby tlS ¢ Ofthe Elett
soltlho n with intr odllCing a m 11tiple-s catteringratio a s a c orre ctio nfacto r, which is c &lc11hted bythe Mo nte
Carlo m ethod. T he m lm ericalres ults ofthe differe n c eb tw e enthe total optic al th ickn e ssfr o m single aTld
totals catten ng are tlS ed as a criterio n of the c o n v erg n c e,1e adizlgtO Pre cis edetermin ation of extin ctio n
c o efficie nt pro丘1es･ The iterativ e m ethod is ap plied to an experin e ntal sign al obse rv ed by a
m nlti- w a v el ngth lidar
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1.Intr odtICtion
A ba cks catteringlidaris co n sider edto be o n e of
the m o st valu able in stru m ents for m e as 町 mg
v ertic alpr ofiles ofa er o s olpr operties. The r esdthg
data, ho w e v e r, o c c a sion ally stlfEe r fro m large
in ac ct m cie sbe c a u s e ofthein e vitable ass u mptio ns
abotlt the targetits elf. The u n c ertainties c o n sistin
the relatio n ship betw e ellba cks cattering and
e xtin ctio n c o effic ents
,
and a valu e ofthe ae ro s ol
e xtin ctio n at a far- e nd bo unda ry･
1) h addito n
,
the
m ultiple-s c attering cf6ects pote ntially hinder the
simple applic atio=1 0f the slngle-S C attCring lidar
equ ation･
2-4)
A simple appro7(im ativ e w ay to a c cou nt for
m 山tiple-s c attering w aspropo s ed byK deletal
2)
:
they introdu c ed a s o･ α1led av er aged
m lltiple- s catteringfactor to reduc ethe e xtinctio n
ter nin thelidar eqtlatio ll･ Elor a nta
3)de v eloped an
a n alytic m odel of do ubly sc atter ed lidar equ atio n.
Both appr o a ches ar e u s efu l for a nalysis of alarge
n u mber of obs e rv ed n tlltiple-scatterlng data, but
their a c c u ra cies ar eli mited by tru n c atio n to the
s e c o nd s c attering o rder a ndbythela ck ofs uitable
valu es of the fa cto r. Biss oIlette
4) deriv ed a
m ultiple-s catteriJlg lidar equ atio n fro m a
phe n o m en ologicalr epresentatio n of the sc attering
pr o c ess. Ho w e v er, this appro a ch is limitedfo r a
Sn al1field- of- vie w angle a nd a hom oge n eo u s
ae ro sol m odel, which is in appropdate for the
an alysis of an acttlal lidar signal wi th the
inl10 m Ogen e O u S atm o spher e.
h thispaper w e apply aniteratio n m ethodto the
in v ersio nofthelidar signal. n e a eros ole xtin ctio n
c o efEcie ntis pr e cis ely dete min ed by e valu ating
andr e movlngthe effe cts of m 11tiple-scatteriJlg. The
m ethodisbased o n single-s c atteringKlett
5)
sohltio n
of the lidar equ atio n wi th introdu cing a fa ctor
de scribingthe m ultiple-to -single scattering r atio , A
sim ulation is c arried o tlt tO Sttldy the m ultiple
s c atte血g effect o nlidar signals with and witho ut
thepr es eJI C e Ofclo ud･ Itis sho w n n un erical1ythat
thedetectio ll r angein whichthepr es en c e ofa clo ud
influ e n c esthe retriev ed e xtin ctio n c o effic e nt
e xtends beyo nd the ge o znetric al thicknes s of the
clotld･ Theiter ativ e method is appliedto alidardata
acttlal1yobs erv ed by a m tllti- w a v el ngthlidar.
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2. T he o ry a ndSim tllation
2.) Lida rEqu ab
'
o n
The sign al, PT(R), r e c eiv edby a lidar丘o m the
atm o spheric ba cks c attering co ntains tw o s c attering
c o mpo n e nts, n a m ely single-s c attering, Ps(R), and
m ultiple-sc attering, PAR). Ass uming that puls e
stretching du e to the m 11tiple-s c attering is
n egligible,the sign alfr o m a r angeRis written as
PT(R)- Ps(R)＋ PM(R)･ (1)
Both Ps(R) and P^ R) depe nd o n the optic al
char a cteristics and spatial distr butio n of aer os ols
alo ngthelidardete ctio npath. The sillgle-s c attering
signalc anbe writte n asfollo w s:
ps(R)- KP(R)Ts(R)/R
2
, (2)
wher e K is a c o n stant des cribing al1the syste m
par a m eters,β(R)is the ba cks c atte血g co efBcient,
Ts(R)- exp[-2J:a s(R)d R]is thetr an smittan c e, and
as(R)is the extin ctio n c o effic e nt. Sin c eboth of
β(R) and 句(R)are u nh o w n, itis c usto m ary to
adopt an asSu mption of as(R)/P(R) = Sl(C O n Sta nt)･
h thefollo w ing ntlm ericalcalculatio n, w e a s s tlr n e
thelidar w av ele ngthat532n m a nd F O Vof 3and 6
m r ad. Th¢ tr a n smitted laserbe amis ass u m edtobe
c o a xial with the re c eiv er teles c ope axis. The
m ultiple-s c atteringlidar signal is c on sidered by
htrodu cing a m ultiple-t o-single sc attering ratio,
M SS(R), in the single-s c attering lidar equ atio n･
subs equ e ntly, the 皿 ultiple
-s c attering signal is
e xpr ess eda s:
pM(R)- Ps(R)M SS(R), (3)
wher eM SS(R)is calculatedby m e a n s ofthe M o nte
carlo m ethod. T he totalscatten ng c anbe r e written
in ter m s of the slngle-S C atterlng Signal by
s ubstitutingEqs.(2)-(3)into Eq.(1)
pT(R)- KP(R)T,(R)/R
2
- KP(R)M(R)Ts(R)/R
2
,
(4)
wher e w eha v edefln ed the m ultiple-s c atterlng
factor asM(R)≡[1十 MSS(7t)】 ≧ 1. Inthepr es ent
sim llatio ll
,
for simplicity w e a sstlm ethat the sign al
is n ot affected bythe e xperim e ntaln oise･ Besides,
the s c attedng lSass u m ed to take plac e o nlyfro m
aerosolparticle s(M ie-s c attering), and a c c ordingly
the Klettin version m ethod
s) is e mployed to
calculate the e xtin ctio n co effic ent. Apr oportio n al
r elatio n ship IS PO Stulated betw e en the e xtinction
and ba cks c attering coeffic e nts. The s olutio n of the
lidar eqtlation, Eq. (4), wi thr espect to the total
s c atteringsign alis
a
T(R)=
eE:P[X,(R) - X T(RE)I
a(R,)
l
･2f叩IXT(R)- XT(RE)kLR
(5)
wher e Xi(R) - ln[R
2pT(R)], the logarithmic
r ange-sqtLar ed po w er. The bo u nda ry v ahle･ Of the
eEtin ction-c o efBcient, a(粒), is obtain ed 血o m a
m odel pr ofile adopted in the U.S.IStandard
atm o sphere. The rele v antba cks c atten ngc o efBcie nt
is■calcdated by a sstl ming β(R) = as(R)/Sl. The
e xtin ctio npr ofile ai(R)repre s ents Whatis obtain ed
by simply s olving thelidar eqtlatidn r egardles s of
the m tlltiple-sc attering c o ntri butio n. Thu s, it is
requir edto studythe-differ e n c eb tw e e n af(R) 弧d
ai(R), the e xtiIICtio n c o efficie nt dtl e Onlyto the
single-s c attering.■ Fro m Eq. (4), L2rs(R) ca nbe
deriv edas:
q
s(R)工
認 印[X,(R,- X,(RE)･ (6)
a(Rc,-
'
･2f認 印[X,(R卜 X,(Rc,FR
llere w c evaltLate the differ en c ebetw e enthe tw o
solutio n sbytlSingthefollo w lng Para m et r, Cr:
‥ 良二三1, (7)
T r
s
wher e Ts -i::a 5(R)d R and TT -J:.Ta ,(a)d R ar e
the total optical thicknes sfor the single a nd
total-s c atteringsign als, r e spectiv ely. flere, RT nh a nd
R
r,m x
ar ethe minim u m and m a xim u m r a ngeforthe
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1idar obs erv atio n
,
r e spe ctively. In the iteratio n
pro c essde scri bed belo w, the erro rs ET wi ll be u s ed
forjlldgingthe c o n v erg n c e, On ce an aer o solrnodel
(siz edistribution a ndrefra ctiv einde x)is specified,
itispo ssibletopr epar e alo okuptable( m )which
de scri be sthe depende n c e of M(R), TT, a nd cr o n
v ariotIS e xtin ctio n c o efBcients .
h the pre s ent M o nte Carlo calc ulation, the
probability of nth order s c attering Pn(R) is
c o n sidered for single photo 皿(” ≦ 10). Fo r o n e
calc ロ1ado n
,
w e tlS edfiv emi nio nphoto ntr aje ctories
u s 皿g r a ndo m v ariables. In o rder to redtLC ethe
MSS(R)n oise, w ehav eals oapplied alea stsqtlar eS
s n o othingfunction .
2.2 Zte raEiγe 伽 e edu Te tO Evalu ate Eke
Muttz
'
ple･s-auc TitzgEne cE
Theiterativ epro c edur eis c arried o ut ac c o rding
to thefo 1lowingthr e e steps:
Step
■1･ To start with
,
a preli min ary e xtin ctio ll
do efEic entpr o丘Ie, as
(0)
(R),is dete min ed fr o mthe
obs ervedsign al PT(R):
αs
(a)
(R)=
甲【X,
(D)
(R)- XT
(0)
(RF)】
両
(8)
This profu8Sis us ed.to obtain a 丘rstgtleSS Ofthe
optical thickn e ss Ts
P)
,
which is r egarded as rtin Eq･
(7).
step 2. The extin ctio nprofile s as
(a)(R)is divided
into s ev er alreglO n S, each of whichis chara cterized
by a relativelyho moge n eo us v alue ofas
(0)(R). Then,
the m tlltiple-s catteringratio ”
(0)(7()ofe a ch region
is calc uhted bym ean sof the M o nte Carlo m ethod.
step3. TheptlrPO Se Of this stepisto c orre ct 屯`
(0)(R)
bym e an s of M(
0)(R). UsingEq.(6), one ot'tains=
a
s
(l'
(a)i
誓驚BXP[Xs<OJ(R,- Xs{0'(Rc,】 ,(9)
a(Rc,
-･
･2f誓驚exp[xs'o'(R,- ZsP'(RE,PR
wherea,(
1)(R)isthe r es ultof thefirstiteratio n. The
error 6T
(I)is e v alu ated by c o mparing the retriev ed
single-s c attering optic al thickne ss Ts
(1) with the
total-s c atte血g optical thicknes s rt - Ts
(0)(cr(
1)
-
ITs(
I)
- 1s
(0)J/T5(
1)).
The oper atio n sin steps1 - 3 callbefo r m ulated
aS:
ai
l)(R)- I(
I-1)IPT(R)】, (10)
whereIden otes anin v ersio npro c edu r e uslng the
Klett m ethod with a m ultiple-s c attering r atio
dil )(R) as a c o rr e ctio n fu n ctio n, and i is the
it6r atio n order. Theiteratio npr o c edtLreOfEq.(10)
is repe atedtLntila co ndit o n
cF) ≦ e ,(i - 1,2,3, …), (ll)
is fu1Blled. Her e c
f
(L7is the e rr orinthe retriev ed
opticalthickne ss ofi-th iter atio n andeis atoler an c e,
fo r whic王1 W e a SStl m e a V alu e of 0.001 in thepr ese nt
sim 11atio 皿.
We have als o sllC C eSSfu lly applied the Fernal d
n ethod6)in the iteratio npr o c edur eto en able the
an alysis ofa signal in cl廿d 血ga e ro s ola ndrn ole cular
s c attering. .
2.3 ALm o sphel
-ic Pa ryzm eEersUs edlo TLhcL U T
The ae ro s ol and clo udty pes u sed in the pr es e nt
simtlatio n ar ethe tJban a er o s ol and the Cl- ClotLd
m odel. T he siz edistribtltio n of a er o s olis descri bed
bythe st m oftw ologn o r mal distributio n s1
8) The
r efra ctiv ein de x of a er os olpa rticlesis as su m ed to
be 1.53 - 0.006i. For do udparticles, o n the other
hand
,
the si2:edistributio n is asstl med to be a
m odifiedga m m adistributio n. The refra ctiv ei一ldex
ofclotLd is asst um edto bel133I 0.00i, n a m ely with
the n egligible c o ntribtltio n fro m the abs orptio n. In
ac c o rdan c e with thes e ass u mptio ns, theSIV alu e s of
ae ro s ol a nd clo udpa rticles are ass u m ed to be 30
aJld 18sr
,
r espe ctiv ely･
7) we preparethe LU Tfor
aer o solu nder cle ar sky c oJlditio n s(withotlt Clo uds)
and a sign al withpr es e n c e of clo ud. The gr o n nd
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visibility s v aried fro m20to50 km .
3. Applic atio nto.a nObs e r v edSign al
Theiter ativ e m ethod is appliedtoa udar signal
obs er v ed u sing a m ulti- w a v el ngth lidar syste m at
Chiba Univ ersity. T he m ulti- w a v el ngth lidaris
oper ated atfotlr W a v ele ngths(355, 532, 756, a nd
1064 n m). As an ex a mple, Fig. 1(a)sho w s a532n 皿
signal(April 3, 1998)･ A lo w clotld appe ared at
abo ut13 5- 1.55 km with a ge o m etric althickness
ofabo nt0.2 km .
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Fig, 1 Ap pnc ation of theiteratio nm ethodto an obser v ed
signal.(a)Lidar sign al observ ed o nApril 3, 19 98･ 仲)
Rctrie v ed pr ofiles ofthe e ‡tinctio n co e艮cie nt,
a(R)･
Dottcd and s olidctJ rV e S ar Cthe pro丘1cs calc ulated by
m eiLn S Of the K l¢tt m ethod and iter ativ e m ethod,
re spe ctiv ely.
As afirst StePintheiter atio n, apr elimin ary profile
of the e xtin ctio n c o efBcie ntis calculated by m eans
of the Klett m ethod as
.
sho w 皿in Fig･ 1(b)I The
co mplete o v erlapbetw ee nthela serbe am and the
teles cope F O Vis a chiev ed at a r ange of
～ 450m
for a F OV of3 m rad. Belo w this altitllde, the
thicknes s Ts(
0)
; TTis abo ut0.5321 The calculatio n
of the m ultiple-s c attering ratio, M(R),is ca rried o tlt
for asimplifiedprofile asindic ated byabrokenlin e
in Fig. 1(b). The e xtinctio n coefBciellt Profile
iutlStr血teid witha s olid liJ e s.thefinalre stll ofthe
retrieval. The estim ated v alu e of the optic al
thicbleSSdu eto the single-s c atteringis -な = 0.572
(c, ≡ 7.5 %)･ Abo v ethe clo udtop,the err orbetw een
the Klettpro丘1e a nd the final pro五1e se e ms
insignific a nt. Belo w the clo ud bas e, o n the other
ha nd, the err o rin cre as e sa the dista n c ein cr e as es
do w n ward fr o m the clo ud. In side the clo ud, the
errorisfou ndtoin c re as ewi thepe n etr atio ndepth
of thelas erbe a m.
4. Co n chlSio n s
We ha v eintrodtlC ed aniter ativ epro c edu refor
r edu cing the erro rin the e xtin ctio n c o efBcient
cau sed by the rut)liple-s c attering･ T he m ethod is
bas ed o n the single s catt
t
ering lida, inv e, sio n
m ethod withintrodtLCinga mdtiple- s c atteringfactor.
Theiter ativ epr o c edtlreisform ulated bytlSed of the
Klett m ethod for the c ases where the a ero s ol
s c atteriTlgdo min atesthe m olecular scattering･
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e xtin ctio n co efBcie ntis a ss u m edto be the s a m e as
the valu e at the o v erlap altitude. The totaloptical
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